Previous studies have shown that rat incisor dentin contains a considerable amount of magnesium that is distributed heterogeneously. The cementum-related dentin, especially its incisal portion, is richest in magnesium. It was the purpose of the present study to investigate the changes that occur in the magnesium content during dentin maturation.
60°C. All specimens were embedded simultaneously in the same piece of epoxy resin, in such a way that the slices obtained from one tooth were next to each other. The incisal aspect of each slice was then serially polished with silicon carbide abrasive paper (nos. 240 to 600), followed by a 0.03-,um aluminum oxide micropolisher.
Electron microprobe analysis. -After the slices were coated with a carbon layer in a Balzer BEA 250 evaporator, the specimens were subjected to electron microprobe analysis in a JEOL Superprobe 733 (10 kV, 10 WxA, beam area 1 1Lm2, ten s per J Dent Res 70(3): 187-191, March, 1991 Introduction. The contribution of magnesium to biomineralization is unclear. In a number of calcified tissues, such as rat incisor enamel (Hiller et al., 1975) , cutaneous calcinosis (Tochon-Danguy et al., 1978) , fracture callus, and turkey tendon (Quint et al., 1980) , the magnesium concentration strongly diminished as the mineralization process evolved. The presence of magnesium in the early stages was accompanied by an elevated carbonate content (Hiller et al., 1975; Quint et al., 1980) .
In rat incisor dentin, the magnesium content increases as a function of time (Johnson, 1972; Steinfort et al., 1990) . In previous studies, we have demonstrated that in the rodent incisor two dentin portions can be distinguished, an enamel-and a cementum-related one (ERD and CRD, respectively), which differ with respect to their mineralization rates (Beertsen and Niehof, 1986) and the composition of their organic and inorganic matrices (Steinfort et al., 1989 (Steinfort et al., , 1990 ). The ERD is harder and denser and contains more calcium and phosphate but less magnesium, as compared with the CRD. In addition, the ERD was found to be richer in phosphoproteins with a higher degree of phosphorylation than the CRD, which led us to suggest that different control mechanisms may exist with respect to mineralization in the two dentins. It was the purpose of the present study to investigate in more detail the incorporation of magnesium during dentin formation in the ERD and CRD.
Materials and methods.
Preparation of specimens. -Ten female Wistar rats (four months old) were anesthetized with ether and killed by an Received for publication January 23, 1990 Accepted for publication January 5, 1991 Fig. 1-Rat lower incisor cross-sectioned at the apical, middle, and incisal levels. Electron microprobe tracings were made along the midsagittal line of each cross-section. ERD = enamel-related dentin. CRD = cementum-related dentin. measurement, automatic background subtraction). Tracings of calcium, magnesium, and phosphorus were made at 3-, 7-, and 10-jm intervals (apical, middle, and incisal cross-sections, respectively) along the mid-sagittal line (Fig. 1) ZAF correction. -The molar ratios mentioned above, as determined by electron microprobe, are subject to variations in density and composition of the dentin material. In order to determine the extent to which this occurred, the composition of epoxy-resin-embedded dentin was calculated for a series of mineral contents ranging from 10 to 75% (wt/wt) and Mg/Ca molar ratios varying between 0.03 and 0.30. ZAF corrections were then calculated by the Proza correction program (Bastin and Heijligers, 1990) for dentin-on the basis of C, N, 0, Cl, P, Ca, and Mg-and for the standards.
Corrections between -0.1 and +1.8% for Ca/P and between + 5.4 and + 6.4% for Mg/P were found as the dentin varied from highly mineralized and low in magnesium toward poorly mineralized and high in magnesium.
Because these values influence the results to only a minor degree, it was considered unnecessary to calculate corrections for all individual measurements. The ratios presented in the results are the uncorrected data.
Statistics. -Because the ratios calculated showed skewed distributions, the results were tested by Wilcoxon's signedrank test for paired observations and Spearman's correlation coefficient of rank correlation.
Results.
Distribution of Mg/P and Ca/P (mol/mol) in dentin within cross-sections. -In the middle and incisal, but not in the apical, cross-sections, the Mg/P ratio tended to increase from the outer dentin toward the pulp (Fig. 2) . However, in the dentin most adjacent to the pulp, Mg/P tended to decrease again. This effect was most prominent in the CRD. The increase in Mg/P was statistically significant at the incisal level, especially in the ERD (ERD, r -0.94; p<0.001; CRD, r 0.55; p<0.001).
The Ca/P (Fig. 3 ) ratio showed inverse tendencies with respect to the Mg/P ratio. At the middle and incisal levels, a decrease from the outer dentin toward the pulp was observed, followed by an increase in the dentin most adjacent to the pulp. The decrease in Ca/P was statistically significant at the incisal level (ERD, r -0.95; p < 0.001; CRD, r = -0.54; p < 0.001).
The ERD contained more Ca/P (p<0.01) and less Mg/P (p<0.01) than the CRD when corresponding measuring sites were compared. This was the case at all three levels.
Tracings along para-sagittal lines (not shown) revealed similar distribution patterns of Mg/P and Ca/P as found for the mid-sagittal lines. The inclinations, however, were less steep because of the oblique intersections of these lines with the concentric dentin zones.
Comparison of AMg/P and Ca/P (mollmol) in dentin between (Fig. 3 , open arrows), a comparison of the outer dentin zones at the apical and middle levels showed a decrease in Ca/P in the CRD (p<0.01). The same was observed when the middle zones of the middle and incisal levels were compared (p<0.05). A similar tendency, although not statistically significant, was found for the ERD.
Effects ofsite. -Comparison between the dentin zones most adjacent to the pulp (marked "1.") at the apical, middle, and incisal levels (all of which were formed at the same time) revealed that Mg/P increased in the incisal direction ( Fig. 2; p<O.Ol). The reverse was found for Ca/P (Fig. 3; p<0.02) .
Relation between calcium and magnesium. -The distribution patterns of Mg/P and Ca/P were found to be highly complementary. The value of (Mg + Ca)/P varied only slightly with the distance from the pulp and was nearly the same in all cross-sections (not shown).
When Ca/P was plotted against Mg/P (Fig. 4) , it appeared that the two ratios showed an almost perfect negative correlation [r = -0.80, -0.91, and -0.97 (p < 0.001) for the apical, middle, and incisal levels, respectively]. At the incisal level, but not at the other levels, a negative correlation was also found between (Mg + Ca)/P and Mg/P (r = -0.63), which was hardly affected by ZAF correction (r = -0.56). The latter correlation indicates that although Mg/P and Ca/P are inversely related, Mg is not merely replacing Ca on a 1:1 molar basis.
Discussion.
The present study has shown that the difference in Mg/P ratio between ERD and CRD is already present in the youngest dentin layers and is maintained throughout the maturation process. These findings further substantiate the notion that intrinsic differences exist in the rodent incisor between the ERD and CRD with respect to formation and mineralization of dentin (Beertsen et al., 1985; Beertsen and Niehof, 1986; Steinfort et al., 1989 Steinfort et al., , 1990 .
The results of this study have further shown that the maturation of the outer and middle dentin layers is accompanied by a rise in the Mg/P ratio. In the CRD, this increase in Mg was accompanied by a concomitant fall in the Ca/P ratio. In the ERD, the decrease in Ca was less evident than the increase in Mg. Comparison of the youngest dentin zones at the three levels studied revealed that the highest Mg/P ratios and the lowest Ca/P ratios were found at the incisal level. With respect to the ERD, the latter finding is in line with the work of Johnson (1972) . In a previous study (Steinfort et al., 1990) , we found that at least 99% of the calcium and phosphate is inorganic, which implies that the differences mentioned above are related mainly to the mineral and not to the organic matrix. This is also likely to be the case with magnesium, since the concentration of magnesium in the incisal segment of the dentin cylinder was found to be as much as 7% (w/v). Furthermore, it was shown that whereas the overall mineral density of the dentin cylinder showed a 30% increase from the apical toward the incisal segment, the increase in magnesium was five times as large (Steinfort et al., 1990) .
A striking observation was the almost-perfect negative correlation between the Mg/P and Ca/P ratios (Fig. 4) , the Mg/P ratio ranging from 0.07 to 0.33 and the Ca/P ratio from 1.48 ; n = 10). E = enamel; closed arrows = dentin-enamel junction; I = outer dentin zone; II = middle dentin zone; Fig. 1 ) of the apical, middle, and incisal cross-sections. Measurements were taken at 25-gm intervals (mean + S.D.; n = 10). E = enamel; closed arrows = dentin-enamel junction. I = outer dentin zone; II = middle dentin zone; 1. = dentin zone most adjacent to the pulp. The open arrows indicate sequential maturation stages of the dentin [(a) (Glick, 1981; Featherstone et al., 1983; Terpstra and Driessens, 1986) or to carbonate. In the latter case, magnesium and carbonate may exist as impurities at the surfaces of hydroxyapatite crystals (Hiller et al., 1975) or as a separate mineral phase (Driessens and Verbeeck, 1985) . Although it has been shown that carbonate occurs in bovine dentin (Quint et al., 1980 ), we have not been able to determine its presence and distribution in the rat incisor by the methods used. Consequently, it is not possible to draw conclusions with respect to the binding of magnesium to either phosphate or carbonate. On the other hand, on the assumption that all magnesium would be bound to carbonate, this would leave unexplained the low Ca/P ratio and the high negative correlation between the Mg/P and Ca/P ratios. Thus, we consider it likely that a considerable amount of magnesium is bound to phosphate, either as magnesium-substituted hydroxyapatite at the surfaces of the crystallites or as a separate mineral phase.
Finally, it is interesting that the increasing amount of magnesium in aging rat incisor dentin deviates from what is seen in some other mineralizing tissues. As time progresses, the Mg/Ca ratio in cutaneous calcinosis, fracture callus, and mineralizing turkey tendon decreases (see "Introduction"). A similar decrease is found during early maturation of rat incisor enamel (Hiller et al., 1975) , whereas in bovine enamel, an initial increase is followed by a decrease (Robinson et al., 1984) . From 
